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Abstract: We experimentally compare the performance of a polarization-independent fiber
optic parametric amplifier (FOPA), a discrete Raman amplifier and a commercial erbium doped
fiber amplifier (EDFA) for burst traffic amplification in extended reach passive optical networks
(PON). We demonstrate that EDFA and Raman amplifiers suffer from severe transient effects,
causing penalty on receiver sensitivity >5 dB for traffic bursts of 10 Gbps on-off keying signal
shorter than 10 µs. On the other hand, we demonstrate that FOPA does not introduce a penalty
on receiver sensitivity when amplifying signal bursts as short as 5 µs as compared to a non-burst
signal. Therefore, FOPA used as a drop-in replacement for an EDFA or Raman amplifier allows
us to improve receiver sensitivity by >3 dB for short signal bursts. We conclude that FOPA
allows substantially increased power budget for an extended reach PON transmitting variable
duration bursts. In addition, we identify the maximum burst duration tolerated by each examined
amplifier.
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1. Introduction
Fiber optic parametric amplifiers (FOPA) have been shown to be a promising amplification
technology for fiber optical communication with such unique features as a very large gain (70 dB)
[1,2] a broad (>100 nm) and flat gain spectrum [3–5], and phase sensitive gain allowing for <3 dB
noise figure [6]. FOPA has recently became available for in-line amplification with introduction
of novel polarization-insensitive FOPA architectures [7–9]. FOPA reliance on Kerr effect allows
for practically instantaneous response time of ∼0.1 fs thus avoiding penalties on amplification of
traffic bursts [10]. In addition, the FOPA ability to operate in arbitrary wavelengths bands [11]
makes it appealing for passive optical networks (PONs) utilizing O, C and L bands [4,11]. This
opens a promising application of parametric amplification as in-line amplifier for reach extended
passive optical network (PON).
PON has provided a cost efficient medium for high speed optical data transmission. Extended
reach PON is envisaged to consolidate a large number of central office locations into a few access
nodes to reduce operational expenditure [12]. Reach extension could converge multiple number of
users into a single access layer node, therefore a split ratio increase is required too [12]. An in-line
optical amplification was proposed to extend a reach of symmetrical XGS-PON (10G-PON)
and above up to 60 km [13] and to enable a required split ratio increase [14]. Although the
reach is limited by a chromatic dispersion too [15,16] the impact of chromatic dispersion can
be mitigated by using advance digital signal processing (DSP) techniques and high sensitivity
coherent receivers [17].
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There are a few specific requirements for amplifiers employed in an extended reach PONs.
The key requirement is an ability to amplify an upstream consisting of data bursts [18]. Another
requirement is to provide high output powers to allow for a high splitting ratio. An ability
to operate in O, E, S, C and L bands might be required too as PON technologies employ
these transmission bands [19]. Semiconductor optical amplifiers (SOA), EDFA and Raman
amplifiers are considered for employment in extended reach PON to increase its power budget
[20–22]. SOAs can operate in all bands appealing for PON, and SOAs are compatible with burst
amplification due to fast response time, but their nonlinear behavior at high signal powers limits
splitting ratios in PON [23]. EDFAs allow for good performance and high output powers [24]
but their slow response time about a few hundreds of microseconds [25] imposes limitations on
amplification of signal bursts [26]. Distributed and discrete Raman amplifiers have been proposed
for extended reach PON [23,27] but they can suffer from transient effects when amplifying signal
bursts too. Response time of Raman amplifiers may greatly exceed that of Raman scattering due
to a relative motion between a pump and a signal waves over a long 6.5 km gain section [27,28].
We propose to employ FOPA as an amplifier for extended reach PON, because it can satisfy all
the requirements: to amplify signal bursts without degrading them by transient effects to provide
a high output power [29,30] and to operate across multiple wavelength bands [31,32]. Transient
effects in EDFA and Raman amplifier have again been analyzed in this experiment to provide a
reference point and to show improvement provided by FOPA.
In this paper we extend our previous work [33,34] experimentally demonstrating a polarization-
insensitive FOPA (PI-FOPA) as a drop-in replacement amplifier for amplification of a bursty
traffic in extended reach PON. We transmit a bursty 10 Gbps on-off keying (OOK) signal by 50
km, amplify it by FOPA, a discrete Raman amplifier or a commercial EDFA, before passing it
through a variable optical attenuator (VOA) emulating a PON splitter, and detect the signal. At
the receiver we count errors and derive its sensitivity for each amplifier to assess its performance.
We investigate non-burst and range of bursts duration from 5 to 70 µs and demonstrate that
while EDFA and Raman amplifier can suffer from significant penalties due to transient effects.
PI-FOPA has little penalties when amplifying bursty traffic thanks to its practically instantaneous
response time. Overall, we demonstrate PI-FOPA to improve receiver sensitivity by at least 3
dB as compared with discrete Raman amplifier and EDFA thus allowing for longer reach and/or
higher splitter ratios.
2. Experimental setup
Figure 1 shows an experimental setup to compare performance of EDFA, Raman amplifier and
FOPA for extended reach PON. The experimental setup consisted of a bursty traffic transmitter,
a 50 km transmission line and an amplifier under test (AUT) followed by a VOA emulating a
splitter and a receiver.
The transmitter produced bursts of a 10 Gbps OOK signal. The signal in the transmitter
was sourced from a 100 kHz linewidth laser at wavelength of 1535 nm and modulated by a
Mach-Zehnder modulator (MZM) at 10 Gbps using OOK. The MZM was driven with a pseudo
random bit sequence (PRBS) 211-1 bits long. Then, the signal was amplified by a booster EDFA
with output power of 13 dBm. Traffic bursts were emulated by passing the signal through an
acousto-optic modulator (AOM) driven by an external waveform generator producing a variable
duty cycle square wave at frequency of 10 kHz. The AOM insertion loss was 5.5 dB and the rise
time was 10 ns. The rise time was fast enough to create bursts with a leading edge sufficiently
sharp to investigate transients of the tested amplifiers. The period of bursts was 100 µs and the
duration of bursts could be varied from 5 µs to 70 µs (Fig. 2). A typical burst duration in PONs
with a 10G upstream is between 0.5 µs and 125 µs [35]. We have examined most of this range by
sweeping burst duration from 5 µs to 70 µs as is allowed by the equipment and have observed
FOPA to introduce little penalties. We expect FOPA to deliver similar performance for bursts
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Fig. 1. Experimental setup to compare performance of EDFA, Raman amplifier and FOPA
in extended reach PON scenario featuring burst traffic transmitter and transmission over
50 km.
duration down to 0.5 µs since the FOPA response time is of the order of femtoseconds. The
average power after the AOM was a product of the burst power fixed at 7.5 dBm and the duty
cycle, e.g. the average power was -2.5 dBm for 10% duty cycle. Figure 2 shows a schematic
representation of emulated signal burst with burst duration of 10, 30 or 50 µs and a burst period
of 100 µs. Non-burst traffic was produced in the same setup by setting the waveform generator
duty cycle to 100%.
Fig. 2. Schematic representation of emulated signal bursts with burst durations of 10, 30 or
50 µs and a burst period of 100 µs.
The generated burst traffic was transmitted over 50 km of a standard single mode fiber with a
total loss of 9.7 dB and amplified by one of AUTs. Signal burst power at the AUT input was
therefore fixed at -2.2 dBm. Two sets of results were obtained: (i) all AUTs set to 13 dB net
gain and (ii) all AUT set to 20 dB gain except the Raman amplifier unable to deliver 20 dB net
gain. The amplified burst power was therefore either 10.8 dBm or 17.8 dBm. Then, amplified
signals were attenuated by a VOA emulating an optical splitter. Attenuation of the VOA was
varied to sweep the power at a receiver. In the back-to-back (B2B) scenario the transmission
fiber and AUTs were bypassed, so the transmitter was connected directly to the VOA preceding
the receiver.
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The polarization insensitive FOPA (Fig. 3(a)) employed a polarization diversity loop architecture
[9]. An input signal was split by a polarization beam splitter (PBS) into orthogonal polarization
components. Each polarization component was independently and equally amplified in one of
two highly nonlinear fibers (HNLF). The HNLFs had zero-dispersion wavelength of ∼1564 nm
and nonlinearity of 8.2 W−1km−1. After propagating through a complete loop, the amplified
polarization components were recombined by the PBS. The HNLFs insertion loss were 1.4 dB
and 0.9 dB, and lengths were 250 m and 200 m respectively. A seed for pumps was sourced from
a 100 kHz linewidth laser and phase modulated with three tones at 100, 320 and 980 MHz to
mitigate stimulated Brillouin scattering (SBS) [8] . Then, the seed was split by a 3 dB coupler
into two waves amplified by two high-power EDFAs to produce two pumps. HNLFs were 34.5
dBm and 33.1 dBm respectively to achieve 13 dB net gain or 34.8 dBm and 33.8 dBm to achieve
20 dB net gain.
Fig. 3. Experimental setup of (a) polarization independent FOPA [9] and (b) discrete Raman
amplifier [31].
The EDFA was a commercial in-line two stage EDFA with maximum output power of 23.5
dBm and 23 dB gain. The EDFA has a noise figure of 5.5 dB, a built-in dynamic gain control and
a guaranteed transient settling time under 1 ms. In this experiment we employ an EDFAs with
automatic gain control allowing for a transient settle time down to ∼1 µs [26]. Moreover, EDFAs
with sub-µs response time are available to suppress gain fluctuations due to channel add/drop
operations. However, such EDFAs are limited to a narrow operation bandwidth of a few nm, and
typically are not intended for significant power fluctuations >6 dB occurring at the burst edges.
Nevertheless, the FOPA given its fast response time will be able to amplify very short bursts
lengths without transient. The Raman amplifier was backward pumped by a 2.8 W pump at 1452
nm (Fig. 3(b)). The Raman gain fiber was a 6.5 km long dispersion shifted fiber (DSF) with a
zero-dispersion wavelength at 1542 nm. 1450/1550 nm WDM couplers were employed at the
ends of the Raman gain fiber to couple in and to couple out the pump respectively. The Raman
amplifier net gain was 13 dB. It was not possible to achieve net gain of 20 dB in this Raman
amplifier setup without incurring lasing.
The receiver (Fig. 1) employed a band pass filter (BPF) with a bandwidth of 1 nm tuned to the
signal wavelength. The signal power was monitored after the BPF by a power meter connected
via a calibrated 1% tap coupler. Then, the signal was detected by a PIN photodetector with
responsivity of 0.3 A/W and captured using a real time sampling oscilloscope with bandwidth of
23 GHz. The received signal was then processed offline to detect bursts, set a decision threshold
and to count errors. The bit error rate (BER) was measured versus a range of received signal
powers for each AUT. Eventually, receiver sensitivity is derived as a received signal burst power
when BER is 10−3. Better receiver sensitivity means that higher attenuation of VOA (or splitter)
is supported.
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3. Experimental results and discussion
In this section performance of AUTs for amplification of signal bursts with varied duration is
analyzed. Results obtained for the B2B configuration and with non-burst signals are used for a
reference. First, waveforms of signal bursts are analyzed for each of six scenarios investigated
in the paper (i) B2B (ii) EDFA with 20 dB and 13 dB gain (iii) Raman with 13 dB gain (iv)
FOPA with 20 dB and 13 dB gain. Second, performance of each AUT is analyzed via BER
measurements. BER was calculated via error counting across ten signal bursts captured by a real
time oscilloscope. Finally, the receiver sensitivity defined as the signal power required for BER
of 10−3 is found as a function of a signal burst duration for each AUT.
3.1. Characterization of burst waveform
Figure 4 shows waveforms of the signal bursts at the receiver in the six scenarios investigated
in this paper as mentioned above. The waveforms were captured with a real time oscilloscope
with sampling rate of 100 GS/s. Bursts in B2B configuration have a clear rectangular shape.
However, waveforms of bursts amplified by EDFA and Raman are distorted by substantial gain
variation along the bursts. These distortions are presumably caused by the EDFA and the Raman
amplifier response time [26,27]. Raman amplifier with counter propagation of pump and signal
demonstrate longer response time due to propagation delay in Raman gain medium. In the EDFA
and the Raman cases the top of the bursts is clearly sloped from the leading edge of the burst
till the end of the burst. Therefore, the transient is not settled within the burst duration of 30 µs.
On the other hand, in the case of amplification by FOPA the bursts are not distorted. A pattern
of the FOPA amplified bursts seen in Fig. 4(e) and (f) follows those observed in B2B Fig. 4(a).
Therefore, we conclude this pattern stems from the transmitter or the receiver. The absence of
burst distortions in the FOPA case demonstrates the ability of the FOPA to deliver practically
instantaneous dynamic gain required for transmission of bursty traffic in PON.
Fig. 4. Waveforms of signal bursts captured by a real time oscilloscope at the receiver in six
scenarios: B2B (a); transmission and 20 and 13 dB amplification by EDFA (b) and (c), and
Raman 13 dB gain (d); transmission and 20 and 13 dB gain (e) and (f).
3.2. Characterization of burst BER
Performance of each AUT was analyzed via BER measurements with a non-burst signal and with
burst signal durations of 10 µs, 30 µs and 50 µs to evaluate an impact of transients on bursty
Research Article Vol. 28, No. 13 / 22 June 2020 /Optics Express 19367
signal for each AUT. The non-burst signal was investigated along with bursty signals to provide a
baseline for studying transient effects in standalone AUT. The BER was calculated over a period
of 1 ms. Consequently, the number of analyzed bits varied from 107 for non-burst signals to
106 for 10 µs signal bursts. Figure 5 shows fluctuations of leading bits in B2B burst for 100 ns
introduced by the AOM, the bits in this fluctuating time are discarded before error counting for
all cases. The threshold detection was performed as described in [36] with an auto threshold
control function capable of 50 ns settling time.
Fig. 5. Oscilloscope view of the 30 µs burst in the B2B arrangement shows distortion of
the burst due to transients in the AOM and the receiver. The first 100 ns of the burst are
therefore discarded from the analysis for all scenarios.
Figure 6 shows measured BER versus an average burst power in the B2B configuration and
with each of tested amplifiers set to 13 dB gain. In the B2B scenario the 50 µs signal bursts
required ∼2 dB higher average signal power at the receiver than the non-burst signal to achieve
the same BER (Fig. 6(a)). As the burst’s duration decreased the power penalty increased and
reached ∼3 dB for the 10 µs burst. This performance degradation in the burst implementation
penalty which needs to be accounted for when comparing performance of AUTs in non-burst and
burst scenarios. The most likely source of this penalty was the PIN receiver not optimized for
burst traffic [37]. This non-optimization of the receiver creates longer reception of fast incoming
bits arriving at leading edges of the bursts [36].
In the scenario with 13 dB amplification by EDFA a bursty signal suffered from significant
degradation as compared to a non-bursty signal (Fig. 6(b)). The 50 µs signal bursts required ∼3
dB higher signal power at the receiver than the non-burst signal to reach BER of 10−3. This
penalty increased to 8 dB as the burst duration was decreased to 10 µs. In addition, the power
penalties on bursty signals were much higher at lower BER levels placing BER of just 10−4 out
of reach in case of the 10 µs long signal bursts. Overall, an addition of EDFA to the setup has
significantly degraded BER of the bursty signals in comparison with the moderate 2-3 dB burst
implementation penalty demonstrated in the B2B case. Also, to note low net gain of 13 dB
introduce high noise figure in EDFA (>7.7 dB) which contributed to BER penalty observed in
the values shown in the figure.
In the case of the discrete Raman amplifier the maximum received power penalty suffered by
the 50 µs and the 30 µs bursts were about 1-2 dB (Fig. 6(c)) and therefore BER follows very similar
power dependency as the B2B scenario. Consequently, the degradation of BER for the 50 µs and
the 30 µs bursts was mainly due to limitations of the receiver rather than due to amplification
by the Raman amplifier, since stimulated Raman scattering (SRS) effect have instantaneous
response time with femtosecond time scale (<100 fs) where propagational delay not effective with
respect to burst duration [38].For large gain and transmission capacity backward pumped discrete
Raman fibre amplifiers are preferred specifically in metro and access applications [23]. However,
Fig. 6(c) demonstrates that 10 µs signal bursts suffered from significant BER degradation as
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Fig. 6. Experimental comparison of BER vs average burst power show an impact of (b)
EDFA (d) FOPA and (c) Raman amplifier on signal bursts. Results in the B2B scenario (a)
are provided for a reference. Burst durations of 50 µs, 30 µs and 10 µs are investigated and
compared to performance of non-burst (continuous) signal. Gain of tested amplifiers was 13
dB.
the signal power increased. This is attributed to transient arising in backward pumped Raman
amplifiers due to time required for the pump and the signal to propagate along a gain fiber [39].
In the tested Raman amplifier, the propagation time through the 6.5 km long gain fiber is 32 µs at
the signal wavelength. Therefore, although the discrete Raman amplifier response time is faster
than that of the EDFA, it is still on the scale of the traffic bursts duration. Overall, the tested
discrete Raman amplifier is more robust to transients than the EDFA, but it is still susceptible
to transients in short bursts with durations comparable with the propagation time in the Raman
amplifier. Robustness of the discrete Raman amplifier against transients can be improved by
using either a forward pumping scheme or a shorter gain fibre [40].
In case of the FOPA the difference between the received signal powers required to achieve the
same BER for non-burst and for burst signals is under 3 dB in all cases quite similarly to the
B2B scenario (Fig. 6(d)). Therefore, the BER difference between burst and non-burst signals is
mainly attributed to performance limitations of the non-burst mode receiver. On the contrary,
for the overall investigated power range tested for FOPA has not introduced an additional power
penalty of bursty signals from typical value of 0 dB to maximum value of 1 dB thus confirming
the lack of transient effects in FOPA. Overall, the instantaneous response of the FOPA makes it
very appealing for amplification of burst signals.
Figure 7(a) shows BER comparison for non-burst signals amplified by 13 dB gain plotted
together with the B2B case in non-burst mode. Input signal power to each AUT was - 2.2 dBm
with output amplified power of 10.8 dBm. Non-burst performance analysis provided base line for
standalone amplifier performance in transmission setup. Improved performance of EDFA was
noticed for non-burst mode in comparison with Raman and FOPA. 1 dB performance penalty was
noticed between B2B and EDFA amplified signal and <1 dB penalty observed between all AUTs
for the overall investigated power range. Almost similar power penalty was observed for Raman
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and FOPA in non-burst mode. Minor penalty in non-burst mode performance from B2B indicates
isolation of other effects in AUTs like noise figures, dispersion penalty and nonlinearity stem
from transmission fiber. A maximum delay between the signal frequency components due to
dispersion was about 85 ps being calculated as a product of the SSMF dispersion of 17 ps/nm/km,
a measured signal bandwidth of 0.1 nm and the transmission fiber length of 50 km. A bit duration
of a 10 Gbps signal is 100 ps, so the delay introduced by dispersion of the transmission fiber
is still less than the bit duration but might introduce a performance penalty [15]. A nonlinear
phase shift of the signal was ∼0.2 rad being calculated as a product of: the SSMF nonlinearity
coefficient of 0.78 W−1.km−1 [41], the transmission fiber effective length of 23 km, and the peak
input signal power of 10.5 dBm (11.2 mW). Value of non-linearity in 50 km SMF was tolerable
to transmit signal without any observable signal broadening for effective length of 23 km.
Fig. 7. BER vs average burst power for B2B and each AUT for (a) Non-burst mode with 13
dB gain (b) burst duration of 10 µs and AUTs gain of 13 dB with inset eye diagrams (c) burst
duration of 30 µs and AUTs gain of 20 dB (except Raman). EDFA and FOPA BER evolution
shown in 30 µs bursts in (d) and (e). BER averaged across ten signal bursts
Figure 7(b) shows a BER comparison for 10 µs signal bursts in the B2B scenario and after
amplification with each AUT by 13 dB. FOPA has performed with less than 1 dB penalty on the
received signal power as compared to the B2B configuration across all studied BER range. On
the contrary, bursts amplified by the discrete Raman amplifier and the EDFA have suffered from
significant degradation. Thus, for BER better than 10−3, over 3 dB and 5 dB higher signal power
at the receiver was required in the Raman and the EDFA cases respectively to achieve the same
BER as in the FOPA case. Eye diagrams shown on the inset demonstrate that for signal power
of -3 dBm the FOPA case provides a clear open eye corresponding to a BER of 10−5, while the
EDFA and the Raman cases have almost closed eye diagrams corresponding to a BER of 10−3.
Figure 7(c) shows a BER comparison for 30 µs signal bursts in the B2B scenario and after
amplification by the EDFA and the FOPA by 20 dB. The discrete Raman amplifier is not compared
here as it was not able to deliver 20 dB net gain. The FOPA does not show any observable
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penalty as compared to the B2B scenario. B2B and FOPA curves are within measurement error
from each other. On the contrary, the EDFA suffers from the 3 dB power penalty at the BER
level of 10−3 and shows signs of a performance floor at BER of 10−4 due to occurrence of
transient. Figures 7(d) and (e) show BER across sample bursts amplified by the EDFA or the
FOPA at received signal power of -5 dBm. It is evident that in the FOPA case there are only a few
occasional errors with overall BER of ∼10−5, while in the EDFA case errors occur continuously
throughout the bursts resulting in overall BER of ∼10−4. Figure 6(b) and Fig. 7(c) are compared
for 30 µs burst amplification with 13 dB and 20 dB gain. EDFA with 13 dB gain at received
signal power above -3 dBm shows higher penalty in BER values in comparison with 20 dB gain.
This is due to the inclusion of high noise figure in EDFA at low gain amplification of burst signal.
Whereas, FOPA at both gain levels (13 and 20 dB) shows consistent performance in BER values.
Overall, the FOPA shows a superior performance even for net gain of 20 dB.
3.3. Signal burst duration and receiver sensitivity
Figure 8 shows the receiver sensitivity from B2B to each AUT at 13 dB gain as a function of
signal burst duration. The receiver sensitivity is defined as the required average signal power
to reach BER of 10−3 from B2B. The sensitivity is one of the most important parameters in
PON defining the available power budget and consequently the reach and the maximum available
splitting ratio. A range of burst durations from 70 µs to 5 µs as well as a non-burst signal
were analyzed. The B2B receiver sensitivity provides a baseline for performance of all AUTs.
Thus, the receiver sensitivity for a non-burst signal is -12 dBm, but for bursty signals it is up
to 2 dB worse reaching -10 dBm for durations under 50 µs reasonably due to the limitation in
photodetector switching in burst mode. EDFA and Raman amplifier due to the occurrence of
transient effects shows ∼3 dB sensitivity penalty from B2B at -6 dBm. Large penalties (5-8 dB)
on short burst makes them non-recoverable due to large BER degradation. Which makes the
system non-performable to recover short bursts without scarifying 5-8 dB of the power budget.
Fig. 8. Plot shows receiver sensitivity vs burst durations from 5 µs to 100 µs (non-burst)
at BER level of 10−3 marked 3 dB degradation in EDFA and Raman receiver sensitivity at
different burst durations.
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FOPA on the other hand has a stability factor of 1 dB sensitivity change from B2B for burst
duration lengths from 70 µs to 15 µs.
As previously seen, due to the fast response time of FOPA negligible dependency on various
burst durations was achieved, although for burst durations below 10 µs additional noise occurred
due to FOPA polarization diversity loop architecture. EDFA adds power penalty of 3 dB for
burst durations below 20 µs from FOPA and this increases severely by 7 dB for 5 µs burst. The
Raman amplifier has similar performance as FOPA for 30 µs burst duration but lifts off with
noticeable power penalty below 30 µs burst. For bursts of 10 µs and below sensitivity penalty
between FOPA and Raman soars up to 3 dB. This relates to the fact that propagation delay in
Raman amplified bursts suffers from severe transient effects for short burst durations. Sensitivity
of different AUT’s at BER= 10−3 level shows standalone performance of different amplifiers.
FOPA demonstrates improved performance in receiver sensitivity increasing it by >3 dB for
short burst signal.
4. Conclusion
We have experimentally demonstrated an employment of polarization insensitive FOPA with
net gain up to 20 dB for amplification of bursts of 10 Gbps OOK signal in a 50 km reach PON
architecture. We have compared the performance of a polarization insensitive FOPA with a
commercial EDFA and a discrete Raman amplifier for amplification of non-burst signal as well
as a range of signal burst durations from 70 µs to 5 µs. We found that in the non-burst scenario
the FOPA and the Raman amplifier have introduced <1 dB penalty on the received signal power
as compared to the EDFA. On the other hand, the Raman amplifier and the EDFA suffered
from transient effects when amplifying signal bursts leading to BER degradation and eventually
significant penalties on the receiver sensitivity. Thus, the EDFA and the discrete Raman amplifier
introduced a receiver sensitivity penalty >3 dB when amplifying bursts shorter than 25 µs and
15 µs respectively. On the contrary, the FOPA has not distorted the signal burst waveforms and
therefore the receiver sensitivity penalty in the FOPA case was <2 dB in all cases. Thus, an
implementation of FOPA has allowed for a 7 dB better receiver sensitivity than EDFA in the
worst case scenario of the 5 µs burst duration. Overall, FOPA allows for a consistent performance
for both continuous and burst traffic, while discrete Raman amplifiers and EDFAs can be prone
to transient effects when amplifying signal bursts. Therefore, FOPA can allow for a larger power
budget for extended reach PON than EDFAs and discrete Raman amplifiers with similar gain
resulting in an improved reach and/or higher splitting ratio allowing for more customers to be
served.
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